We investigate the linear response of single and multiple graphene sheets embedded in quarter-wave one-dimensional photonic crystals (PhCs) in terms of absorption and losses. In particular, we show that it is possible to achieve near-perfect narrowband absorption when a single monolayer graphene is sandwiched between two PhC mirrors with optimized pair numbers. The simulations reveal that the resonant wavelength and the total absorption frequency may be tuned by tilting the angle of incidence of the impinging source. We also show that the losses, related to the dielectric materials constituting the one-dimensional PhC, can degrade the optical performance of the device. Conversely, by arranging the same dielectric slabs in a different order (supercell), it is possible to achieve a broadband absorption that is almost constant over a wide range of angle of incidence. In this configuration, the absorption and the bandwidth can be tuned by varying the supercell geometry. These features make these devices attractive for different applications ranging from tunable and saturable absorbers for short-pulse lasers to graphene-based photodetectors.
Introduction
Two-dimensional (2-D) materials are dramatically changing the electronics and photonics worlds due to their unique, unprecedented properties. In particular, synthesis and isolation of the first 2-D material, graphene, have launched new opportunities for physicists and engineers [1] . Graphene, a 2-D carbon sheet with a honeycomb lattice, shows unique electronic and optical properties such as a universal optical conductivity from visible to infrared [2] . Another surprising feature is related to its high mobility, its stability at ambient conditions and scalability down to one atomic layer. Therefore, graphene is believed to be one of the most promising candidates as a material in the fields of photonics and plasmonics. Recent findings have also demonstrated that single-and multi-layer graphene possess large nonlinear susceptibilities. For example, third-order susceptibility values of the order of 10 À15 and 10 À16 m 2 =V 2 have been measured by means of third harmonic generation and four-wave-mixing experiments, respectively [3] , [4] . Finally, a monolayer graphene shows an absorption that does not depend on the material parameters but only on the fundamental constants since it is equal to (defined by the fine structure constant ¼ e 2 = hc) that corresponds to about 2.3% over the visible range [2] . This value can be enhanced or boosted by incorporating the monolayer sheet in multilayer structures that exploit Attenuated Total Reflectance (ATR) [5] , in 1-D periodic structures [6] - [9] or 2-D photonic crystal (PhC) cavities [10] .
In this paper, we aim to integrate monolayer and multilayer graphene sheets in one-dimensional structures in order to achieve either a selective narrowband or broadband absorption behavior. In particular, we detail the optical performance of two different configurations that incorporate i) a single monolayer graphene embedded between two mirrors constituting an asymmetric quarter-wave one-dimensional PhCs (1-D-PhC) and ii) multiple monolayer graphene sheets embedded in a "supercell" structure. We investigate their absorption behavior in terms of dielectric losses (i.e., extinction coefficient) and angle of incidence of the impinging source. Fig. 1 shows the sketch of the quarter-wave 1-D-PhC that alternates Silicon Nitride (Si 3 N 4 Vgray slab) and Silicon Dioxide (SiO 2 Vlight blue slab) layers arranged in two different mirrors M1 (top mirror) and M2 (bottom mirror) with N1 and N2 slab pairs, respectively. The combination of the two mirrors leads to the formation of a defect that originates a localized state in the PhC bandgap.
Design of the Quarter-Wave 1-D-PhC
The numerical analysis was carried out by means of a home-made code based on the Transfer Matrix Method (TMM) taking into account the optical dispersion of the dielectric materials [11] - [13] . The 1-D-PhC structure was designed to operate near 650 nm at normal incidence when the Si 3 N 4 and SiO 2 slab thicknesses d 1 and d 2 ð=4nÞ are set equal to 81 and 105 nm, respectively (while the defect thickness corresponds to
Firstly, the pair numbers N1 and N2 have been varied in order to achieve near-perfect absorption. This condition is fulfilled when N1 ¼ 7 and N2 ¼ 16, as shown in Fig. 2 , demonstrating that the nearperfect absorption requires an asymmetric structure where the bottom mirror M2 acts as a perfect mirror. It is worth stressing that the simulations show that the absorption peak linearly shifts . It is worth pointing out that a similar behavior may be achieved for TM polarization. Finally, we stress that in this set of simulations, we consider lossless materials, i.e., the extinction coefficients k SiN and k SiO2 are set equal to zero in the wavelength range of interest (500 nm-700 nm).
The influence of losses can be discussed by considering the results shown in Fig. 4 (a)-(c) where the absorption maps, when the extinction coefficient k SiO2 ranges from 10 À3 up to 10 À1 in the absence of the monolayer graphene, are depicted. It is clear that when the extinction coefficient is k SiO2 ¼ 10 À2 it is still possible to achieve near-100% absorption, while absorption reaches about 30%-40% when k SiO2 ¼ 10 À3 . On the other hand, Fig. 4 (d)-(f) depict the behavior of the 1-D-PhC when the monolayer graphene is sandwiched between the two mirrors. The comparison reveals that even if the presence of the graphene favors near-perfect absorption for all the cases, the material losses dominate with respect to the graphene absorption that is not negligible only when k SiO2 ¼ 10 À3 . At the same time, in this latter case, the resonant state is slightly shifted (by about 1 nm) and broadened when k SiO2 is equal to 10 À2 with respect to the This analysis is extremely important when this device is exploited as a photo-detector, because it is desirable that all the impinging power is absorbed by the monolayer graphene and not "wasted" by mere dielectric losses. This is also valid when the large nonlinear susceptibility and saturations effects in the graphene are exploited in order to dynamically suppress absorption by increasing pump irradiance [8] . Furthermore, this analysis is crucial when the monolayer graphene is embedded in a 1-D-PhC in order to lower down the threshold of nonlinear saturable absorption [8] or enhance the third harmonic response of the monolayer graphene [14] .
Design of a Broadband Configuration
In the previous paragraph, we have shown how the monolayer graphene absorption can be boost up to 100% exploiting a localized mode in order to achieve a selective narrow band. Here, we show how a "selective" broadband absorption can be achieved with a similar configuration. In particular, we have investigated a periodic structure defined by a super-cell that consists of a ðABÞ N À AG configuration (e.g., ABABABABAG for N ¼ 4) where A, B and G layers correspond to SiO 2 , Si 3 N 4 and the monolayer graphene, respectively, and N corresponds to the pair number of the (AB) stack. The thicknesses for A and B in the supercell configuration are the same of the quarter wave PhC of Fig. 1 . The final structure, shown in Fig. 5 , is realized by cascading M times the supercell ½ðABÞ N À AG in order to get the ½ðABÞ N À AG M configuration. It is worth stressing that this configuration can be seen as a modified version of the structure depicted in Fig. 1 since the M1 and M2 mirrors correspond to the ðBAÞ N1 and ðABÞ N2 configurations, respectively, and the defect is defined by the (AGA) stack. When the pair number N is relative low as in the following (N up to 4), the (AGA) defects can evanescently couple together as in Coupled-Resonator Optical Waveguide (CROW) structures [15] . Fig. 6(a) shows the transmission (T), reflection (R), and absorption (A) spectra (TE polarization) for the ½ðABÞ 2 À A 10 (without graphene) when N and M are equal to 2 and 10, respectively. When the monolayer graphene is introduced in the structure ð½ðABÞ 2 À AG 10 Þ a broadband absorption range with a bandwidth of about 200 nm and centered at 650 nm is achieved as shown in Fig. 6(b) . The absorption over this range is about 23% that corresponds to the "equivalent" absorption of the M ¼ 10 monolayer graphene sheets (10 Ã 2.3%). This is also true if the ½ðABÞ 2 À AG 10 supercell is substituted by a supercell with M ¼ 5 and graphene double layers ½ðABÞ 2 À AGG 5 . Fig. 5 compares these two cases (that show a similar behavior) with the overall "equivalent" absorption level (black dashed line).
At the same time, this structure displays a similar behavior to the asymmetric quarter wave 1-D-PhC when the angle of incidence of the impinging signal is varied, as inferred by the plots in Fig. 7(a) and (b) for the TE and TM polarizations, respectively. In particular, for the TE (TM) polarization, the absorption increases (decreases) with the angle of incidence. Moreover, for specific wavelengths, e.g., 575 nm, it is possible to verify that the absorption of this configuration is higher than the "equivalent" absorption in the range 0 -30 for both polarizations as illustrated in Fig. 7(c) . The green dotted curve in the plot refers to the average value corresponding to the unpolarized light.
Finally, it is possible to overcome the "equivalent" absorption also at the normal incidence by increasing the number of pairs N of the (AB) stack. Fig. 8(a) portrays the absorption behavior of the periodic structure when N is equal to 1, 2, 3, and 4 for the TE polarization. As N increases, the bandwidth is reduced and the absorption level is boosted up. For instance, for N ¼ 4, the periodic structure offers a bandwidth of about 100 nm with an averaged absorption level of about 40% (almost a factor 2 with respect to the "equivalent" absorption level). The angular response for N ¼ 4 is also shown in Fig. 8(b) revealing a similar behavior described in Fig. 8(a) . In addtion, in this case, it is possible to achieve an enhancement of the absorption up to about a factor 4 at higher angles of incidence. Further, also for this configuration, for specific wavelengths, e.g., 600 nm, it is possible to verify that the absorption is almost constant over an "acceptance angle" of about 50 . Finally, effect of the losses in the dielectric slabs on the optical response can be deducible by the plot in Fig. 8(c) , where the extinction coefficient k SiO2 is varied from 10 À3 up to 10 À1 in the presence of the graphene sheets. In particular, when k SiO2 ¼ 10 À3 , the variation in the absorption is almost negligible with respect to the configuration without graphene (only 4% is wasted in the dielectric media). Conversely, this value increases up to about 40% when k SiO2 ¼ 10 À2 (without graphene) and, hence, the absorption in the graphene layers is only 20% since the total absorption is about 60% [please see Fig. 8(c) ]. Finally, when k SiO2 ¼ 10 À1 , there is not any difference between the absorption in structure without and with graphene as in the asymmetric 1-D-PhC.
Conclusion
In conclusion, we have detailed the optical response of single and multiple graphene sheets embedded in two different periodic structures. For the asymmetric quarter wave 1-D-PhC case, the combination of the absorption and localized mode in the PhC band-gap leads to a near-perfect absorption behavior over a narrow spectral range (few nanometers). We have also investigated the effects of the intrinsic losses of the dielectric materials that constitute the PhC. In particular, the simulations show that an extinction coefficient k SiO2 ¼ 10 À3 is sufficient to degrade the performance of the device since the incident power is absorbed and "wasted" by the dielectric layers (about 30%-40%). Therefore, these results set stringent requirements on the fabrication process. Finally, we have investigated the optical response of a periodic structure composed by a supercell, based on a ðABÞ N À AG configuration that incorporates monolayer or double layer graphene sheets. By varying the pair number of the periodic structure, it is possible to achieve a selective broadband absorption over a bandwidth of about 200 nm with an absorption level of about 23% (corresponding to the "equivalent" absorption of the M graphene sheets). The bandwidth can be reduced or the absorption can be boosted by increasing the pair number N achieving an enhancement factor of about 2 and 4 at normal incidence or at higher angle of incidence (85 ), respectively. Moreover, the possibility to achieve a broader absorption bandwidth could lead to the realization of angle-insensitive devices since the absorption at the edge of the absorption band (e.g., 600 nm) is almost constant this range. On the contrary, it is worth highlighting that the asymmetric 1-D-PhC shows a sudden change in the absorption that makes this device sensible to the angle of incidence of the source. Therefore, the broadband configuration sets the trade-off between the absorption and the "acceptance angle" of the device offering one solution to increase and broaden the range of the "acceptance angle" keeping the absorption at a suitable level.
The analysis about the effect of losses on the optical response of this configuration has shown a less sensitivity with respect to the first configuration when the extinction coefficient is low ðk SiO2 ¼ 10 À3 Þ due to a weaker resonant behavior of the structure. Finally, from a technological point of view, it is important to stress that the fabrication of the supercell-based configuration does not pose limitations since the monolayer and bilayer graphene manual transfer on Si 3 N 4 and SiO 2 layers is a practicable procedure.
The proposed devices may be efficiently exploited as tunable, selective and saturable absorbers, and may also point the way for the realization of graphene-based selective (narrowband or broadband) photo-detectors and short-pulse lasers.
